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The  carbon  direct  electrochemical  reactions  in  a  solid  oxide  electrolyte  direct  carbon  fuel  cell  (DCFC)  are 
investigated  experimentally  with  CH4-deposited  carbon  at  the  anode  as  fuel.  The  surface  morphology 
of  the  anode  cross-sections  is  characterized  using  a  scanning  electron  microscope  (SEM),  the  elemental 
distribution  using  an  energy  dispersive  spectrometer  (EDS)  and  an  X-ray  photoelectron  spectroscopy 
(XPS),  and  the  deposited  carbon  microstructures  using  a  Raman  spectrometer.  The  results  indicate  that  all 
the  carbon  deposited  on  the  yttrium-stabilized  zirconium  (YSZ)  particle  surfaces,  the  Ni  particle  surfaces, 
as  well  as  the  three-phase  boundary,  can  participate  in  the  electrochemical  reactions  during  the  fuel  cell 
discharging.  The  direct  electrochemical  reactions  for  carbon  require  the  two  conditions  that  the  02~  in 
the  ionic  conductor  contact  with  a  carbon  reactive  site  and  that  the  released  electrons  are  conducted  to 
the  external  circuit.  The  electrochemical  reactions  for  the  deposited  carbon  are  most  difficult  on  the  Ni 
particle  surfaces,  easier  on  the  YSZ  particle  surfaces  and  easiest  at  the  three-phase  boundary.  Not  all  the 
carbon  deposited  in  the  anode  participates  in  the  direct  electrochemical  reactions.  The  deposited  carbon 
and  the  O2  in  the  YSZ  react  to  form  the  double-bonded  adsorbed  carbonyl  group  C=0. 

©  2010  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Fuel  cells  have  been  widely  recognized  as  a  very  efficient  and 
environmentally  friendly  technology  for  power  generation.  The 
direct  carbon  fuel  cell  (DCFC)  has  a  higher  theoretical  efficiency 
than  other  types  of  fuel  cell  [  1  ].  In  addition,  the  presence  of  solid  car¬ 
bon  fuel  is  easily  achieved  [2]  and  the  DCFC  facilitates  C02  capture. 
DCFCs  can  be  classified  into  three  types  according  to  the  electrolyte 
used  as  molten  hydroxide  [2-6],  molten  carbonate  [7-1 1  ]  and  solid 
oxide  electrolyte  [12-19]  fuel  cells.  Some  studies  have  combined 
molten  carbonate  and  solid  oxide  electrolytes  together  [20-22].  The 
present  study  focuses  on  the  solid  oxide  electrolyte  DCFC,  which 
has  advantages  of  relatively  higher  reaction  activity  because  of  its 
higher  operating  temperatures,  and  that  it  may  avoid  liquid  elec¬ 
trolyte  consumption,  leakage  and  corrosion. 

Existing  solid  oxide  electrolyte  DCFCs  can  be  classified  into  three 
types  according  to  the  type  of  contact  between  the  anode  and  the 
carbonaceous  fuel.  They  may  be  described  as  (1)  detached  [12,13]; 
(2)  physical  contact  [14,19,23];  and  (3)  carbon-deposited  contact 
[15-18]  type  DCFCs.  When  the  anode  and  carbon  fuel  are  detached, 
there  is  no  direct  electrochemical  reaction  of  the  carbon  in  the 
DCFC  but  carbon  gasification  reactions  and  gaseous  electrochemical 
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reactions  occur  in  the  anode.  For  the  physical  contact  conditions, 
it  is  disputed  whether  direct  carbon  electrochemical  oxidization 
can  occur  at  the  contact  interface.  Nevertheless,  in  this  situation, 
the  key  anode  reactions  in  the  DCFC  are  still  the  carbon  gasifica¬ 
tion  reactions  and  the  electrochemical  reactions  of  the  gas  species 
[24].  The  rechargeable  direct  carbon  fuel  cell  (RDCFC)  proposed  by 
Ihara  et  al.  [15-18],  uses  deposited  carbon  as  fuel;  it  differs  from 
the  detached  or  physical  contact  designs.  The  deposited  carbon 
was  supplied  by  thermal  decomposition  of  propane  or  methane 
at  the  anode.  The  researchers  also  reported  that  electrochemical 
oxidization  of  carbon  occurring  during  power  generation  might  be 
described  by: 

C  +  202“+*  C02+4e“  (1) 

or 

C  +  02-«>  CO  +  2e~  (2) 

When  CO  is  produced,  it  reacts  with  O2-  so  that  the  DCFC  is 
operated  on  CO.  In  this  case,  the  carbon  fuel  deposited  in  the  porous 
anode  may  be  in  contact  with  the  ionic  conductor,  the  electron  con¬ 
ductor  or  the  three-phase  boundary.  Thus,  the  carbon-deposited 
contact-type  DCFC  may  be  used  for  reaction  mechanism  studies 
to  clarify  the  actual  reaction  site  (the  ionic  conductor  surface,  the 
electron  conductor  surface  or  the  three-phase  boundary)  for  carbon 
electrochemical  oxidation. 
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Fig.  1.  Pictorial  description  of  the  carbon  electrochemical  oxidation  in  molten  carbonate  direct  carbon  fuel  cells  [31]:  (a)  first  oxide  ion  adsorption;  (b)  second  oxide  ion 
adsorption  and  CO2  formation. 


Ihara  et  al.  [17]  suggested  that  the  electrochemical  reactions 
between  the  deposited  carbon  and  O2-  in  the  ionic  conductor  could 
take  place  only  at  the  three-phase  boundary.  The  released  elec¬ 
trons  are  conducted  to  the  external  circuit  through  the  electron 
conductor  Ni.  The  carbon  deposited  within  the  anode  but  not  at  the 
three-phase  boundary  then  takes  part  in  the  gasification  reaction 
with  C02. 

Huang  et  al.  [25,26]  studied  CH4  carbon  deposition  in  a  solid 
oxide  fuel  cell  (SOFC)  and  found  that  the  fuel  cell  could  generate 
electrical  current  without  any  gaseous  fuel  supply.  The  occurrence 
of  such  fuel-free  current  was  thought  to  be  due  to  the  low  bulk 
lattice-oxygen  concentration  in  the  anode  after  oxidation  of  the 
deposited  carbon,  which  had  extracted  some  additional  lattice  oxy¬ 
gen  from  the  anode  bulk  without  replenishment  from  the  cathode. 
As  a  result,  the  carbon  deposited  on  the  ionic  electron  conductor 
surface  could  also  take  part  in  the  direct  electrochemical  reactions 
as  fuel. 

Vayenas  et  al.  [27]  reported  that  the  O2-  in  the  anode  ionic 
conductor  was  electrochemically  forced  onto  the  surface  of  the  Ni 
electron  conductor  via  the  polarized  metal-electrolyte  interfaces, 
where  it  released  an  electron  to  form  O-.  Then,  the  O-  at  the  Ni 
surface  took  part  in  the  electrochemical  reactions  with  the  gaseous 
fuel.  If  this  mechanism  is  reasonable,  the  deposited  carbon,  not  only 
at  the  three-phase  boundary,  but  also  at  the  Ni  surface,  can  take  part 
in  the  direct  electrochemical  reactions. 

Zhao  et  al.  [28]  conducted  deposition  experiments  by  sepa¬ 
rately  decomposing  methane  in  a  thermo-gravimetric  analyzer 
with  Ni,  yttrium-stabilized  zirconia  (YSZ)  powders  and  small  chips 
of  anode-supported  SOFC  button  cells  as  bed  materials.  They  found 
that  the  carbon  particles  deposited  in  the  anode  were  comparable 
in  size  to  the  Ni  and  YSZ  particles  and  that  the  deposited  carbon  had 
little  opportunity  to  participate  in  the  electrochemical  reactions. 

Haupin  et  al.  [29,30]  proposed  a  mechanism  for  the  anodic  oxi¬ 
dation  of  carbon  in  a  molten  cryolite/alumina  electrolyte.  On  this 
basis,  Cherepy  et  al.  [31]  summarized  the  mechanism  for  carbon 
electrochemical  reactions  in  a  molten  carbonate  electrolyte  DCFC 


as: 


02~ 

production 

:  2C032“  2C02  +  202“ 

(3) 

First 

O2  adsorption  :  CRS  +  O2  -*  CRS02 

(4) 

Fast 

discharge  : 

CRs02  ->  CRS0  +  e 

(5) 

Fast 

discharge  : 

CRsO-  CRsO  +  e- 

(6) 

Second  O2  adsorption  (RDS) :  CRS0  +  O2  -*  CRS022 

(7) 

Fast 

discharge  : 

CRs022  -*  CRS02  +  e 

(8) 

Fast 

discharge 

and  evolution  :  CRs02-  ->  CRs02(g)  +  e- 

(9) 

Total 

reaction  : 

CRS  +  2C032_  3C02  +  4e_ 

(10) 

At  700  °C,  the  molten  carbonate  salts  strongly  dissociate  and 
yield  free  oxide  ions.  A  free  oxide  ion  will  adsorb  at  a  CRS  (a 
carbon  reactive  site  at  an  edge,  defect,  step,  or  other  surface  imper¬ 
fection)  and  is  discharged  in  two  single-electron  steps  to  form  a 
strongly  bound  C-O-C  bridge  between  reactive  carbon  atoms  on 
the  exposed  carbon  surface  (Fig.  1(a)).  The  second  adsorption  of 
an  oxide  ion  onto  the  CRS0  site  requires  considerable  overpoten¬ 
tial  and  extends  the  surface  species  to  a  C-O-C-O-C  bridge  carbon 
oxidation  (Fig.  1(b)).  Subsequent  discharge  of  this  adsorbed  species 
occurs  in  two  single-electron  transfers  to  form  the  unstable  group 
CRS02,  which  is  readily  desorbed  as  C02.  If  the  CRS0  is  desorbed 
before  the  adsorption  of  the  second  oxide  ion,  then  CO  is  produced 
by  the  electrochemical  reactions.  This  phenomenon  was  observed 
in  some  experiments  with  the  CO  concentration  in  production 
proportional  to  the  cell  overpotential  and  operating  temperature 
[32-34]. 

Zhang  et  al.  [35]  used  the  Extended  Hiickel  Molecular  Orbital 
(EHMO)  and  the  ab  initio  method  to  calculate  the  total  energy  and 
charge  distribution  for  an  oxide  ion  absorbed  on  different  posi¬ 
tions  of  various  carbon  lattices.  They  concluded  that  regardless  of 
which  lattice  defect  model  was  used,  the  more  probable  adsorption 
mechanism  would  be  the  double-bonded  structure  rather  than  the 
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Fig.  2.  Surface  structure  models  of  oxygen  adsorbed  on  graphite  surfaces  [35  ] :  (a)  double-bonded  adsorption  with  small  lattice  defects,  (b)  bridge-type  adsorption  with  small 
lattice  defects,  (c)  double-bonded  adsorption  with  large  lattice  defects  and  (d)  bridge-type  adsorption  with  large  lattice  defects. 
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Table  1 

Experimental  procedures  for  the  carbon  direct  electrochemical  reactions. 


Cases 

Experimental  procedures 

ch4  OCV 

The  button  cell  circuit  was  kept  open  for  30  min  using  1 00  ml  min  1  CH4  as  the  anode  gas  after  being  reduced  by  H2  and 
purging  by  Ar.  Then,  the  anode  gas  flowrate  was  changed  to  1 50  ml  min-1  Ar  +  3  ml  min-1  H2  and  purged  for  30  min.  While  the 
cell  was  protected  by  Ar  and  H2,  the  cell  temperature  was  reduced  to  ambient  temperature  at  1.5  °C  min-1. 

CH4  0.7V 

The  button  cell  was  discharged  at  0.7  V  for  30  min  using  100  ml  min-1  CH4  as  the  anode  gas  after  being  reduced  by  H2  and 
purged  by  Ar.  Then,  the  button  cell  circuit  was  opened  and  the  anode  gas  flowrate  was  changed  to  150  ml  min-1 

Ar  +  3  ml  min-1  H2  and  purged  for  30  min.  Finally,  the  cell  temperature  was  reduced  to  ambient  temperature  at  1 .5  °C  min-1 
with  the  protection  of  Ar  and  H2. 

CH4  DCFC 

The  button  cell  was  attached  to  an  open  circuit  for  30  min  using  100  ml  min-1  CH4  as  the  anode  gas  after  being  reduced  by  H2 
and  purging  by  Ar.  After  the  carbon  deposition  by  CH4,  the  anode  gas  was  switched  to  200  ml  min-1  Ar  to  purge  for  30  min. 

DCFC  discharging:  The  Ar  flowrate  was  reduced  to  20  ml  min-1  and  the  button  cell  was  discharged  at  a  constant  current 
density  of  300  A  m-2.  When  the  cell  voltage  had  decreased  to  0  V,  the  button  cell  circuit  was  opened,  the  anode  gas  flowrate 
was  switched  to  150  ml  min-1  Ar  +  3  ml  min-1  H2  and  the  temperature  was  reduced  to  ambient  temperature  at  1.5  °C  min-1. 

Control  case  1 

The  button  cell  circuit  was  kept  open  and  the  anode  gas  flowrate  was  set  to  1 50  ml  min-1  Ar  +  3  ml  min-1  H2  after  being 
reduced  by  H2.  Then,  the  temperature  was  reduced  to  ambient  temperature  at  1.5  °C  min-1  with  the  protection  of  Ar  and  H2. 

Control  case  2 

The  button  cell  circuit  was  kept  open  with  100  ml  min-1  02  as  the  anode  gas,  which  made  the  anode  fully  oxidized.  Then,  the 
anode  gas  flowrate  was  switched  to  100  ml  min-1  H2  to  reduce  the  anode.  Finally,  the  anode  gas  flowrate  was  switched  to 

1 50  ml  min-1  Ar  +  3  ml  min-1  H2  and  the  temperature  was  reduced  to  ambient  temperature  at  1 .5  °C  min-1 . 

bridge-type  structure.  The  corresponding  surface  structure  models 
for  oxygen  adsorbed  on  graphite  surfaces  are  shown  in  Fig.  2. 

However,  the  mechanisms  for  carbon  direct  electrochemical 
reactions  in  a  solid  oxide  electrolyte  DCFC  are  quite  different  from 
those  in  a  molten  carbonate  DCFC.  Since  it  is  difficult  to  track  the 
reaction  process  and  to  detect  the  intermediate  reaction  products, 
the  carbon  electrochemical  reaction  mechanisms  have  been  mainly 
studied  in  indirect  experiments.  Cao  et  al.  [36]  assumed  that  with 
the  oxide  ions  in  the  ionic  conductor,  the  electrochemical  oxida¬ 
tion  of  carbon  in  the  solid  oxide  electrolyte  DCFC  might  follow  a 
similar  process  to  that  in  molten  carbonates.  However,  there  are 
few  studies  of  the  carbon  electrochemical  reaction  mechanisms  in 
solid  oxide  electrolyte  DCFCs,  so  further  research  is  needed. 

This  paper  describes  experiments  with  a  solid  oxide  electrolyte 
DCFC  with  carbon  from  CH4  deposited  within  the  anode  as  fuel.  The 
experiments  are  carefully  designed  to  analyze  the  mechanisms  for 
the  direct  electrochemical  reaction  of  carbon. 

2.  Experiments 

2.1.  Anode-supported  button  cell 

An  anode-supported  SOFC  button  cell  made  by  SICCAS  (Shang¬ 
hai  Institute  of  Ceramics,  Chinese  Academy  of  Sciences)  was  used 
in  this  study.  The  cell  consisted  of  a  Ni/YSZ  anode  support  layer 
(680  [Jim),  a  Ni/scandium-stabilized  zirconium  (ScSZ)  anode  active 
interlayer  (15[xm),  a  ScSZ  electrolyte  layer  (20  [xm),  and  a  lan¬ 
thanum  strontium  manganate  (LSM)/ScSZ  cathode  layer  (15  [xm) 
[24].  The  cathode  layer  was  1 .4  cm  in  diameter  and  all  other  layers 
were  2.6  cm  in  diameters.  Due  to  relatively  simple  experimental 
setups  and  good  repeatability,  button  cells  have  been  widely  used 
in  DCFC  experiments  [12,15-18].  Our  button  cells  were  cut  directly 
from  one  large  cell  plate  so  the  anode  and  electrolyte  layers  of  all 
cells  were  fabricated  at  the  same  time;  thus  eliminating  the  anodic 
material  differences  caused  by  cell  to  cell  variations  in  fabrication. 
The  test  setup  provided  the  experimental  conditions  for  the  button 
cell  in  the  carbon  direct  electrochemical  reaction  experiments  [37]. 

2.2.  Experimental  conditions  and  procedures 

CH4  was  thermally  deposited  on  the  cells  using  three  sets  of 
experimental  conditions.  The  mechanisms  of  carbon  direct  elec¬ 
trochemical  reaction  were  analyzed  based  on  the  characterizations 
of  the  deposited  anodic  carbon  for  three  cases.  Two  cases  without 
carbon  deposition  were  used  as  control  experiments.  During  the 


tests,  the  temperature  of  the  button  cell  was  maintained  at  800  °C 
and  02  was  used  as  oxidant  at  a  flow  rate  of  1 00  ml  min-1 .  Pure  H2 
was  fed  into  the  chamber  for  1  h  at  a  flow  rate  of  100  ml  min-1  to 
fully  reduce  the  anode.  Detailed  descriptions  of  the  experimental 
conditions  are  given  in  Table  1. 

The  cell  was  cooled  down  to  ambient  with  Ar  ( 1 50  ml  min-1 )  and 
H2  (3  ml  min-1 )  used  as  protecting  gas.  About  2%  H2  was  added  to 
maintain  a  reducing  atmosphere  in  the  anode  chamber  to  prevent 
oxidization  of  the  carbon  deposited  in  the  anode. 

After  the  tests,  the  surface  morphology  and  elemental  distribu¬ 
tion  in  the  various  anode  cross-sections  were  characterized  using 
a  scanning  electronic  microscope  (SEM)  and  an  energy  dispersive 
spectrometer  (EDS)  with  an  electron  probe  microanalyzer  (JSM- 
6460,  JEOL,  Tokyo,  Japan).  The  surfaces  of  the  anode  cross-sections 
were  analyzed  by  an  X-ray  photoelectron  spectroscopy  (XPS)  (PHI 
Quantera,  ULVAC-PHI,  Kanagawa,  Japan)  with  a  monochromatic  Al 
Ka  (hv  =  1486.7  eV)  X-ray  source.  To  avoid  any  influence  of  car¬ 
bon  contamination  during  the  sample  transfer  and  handing,  all 
the  sample  surfaces  were  peeled  1.2  nm  by  an  electron  gun  before 
characterization.  The  spot  size  for  analysis  was  300  p,m  x  300  p,m. 
To  compensate  for  the  surface-charge  effects,  the  binding  energy 
scale  was  calibrated  with  reference  to  the  binding  energy  of  O  1  s  at 
530.2  eV.  The  survey  scans  were  acquired  between  1200  and  OeV. 
Concurrent  region  sweeps  for  O  1  s,  Ni  2p,  Zr  3d,  Y  3d,  and  C 1  s  were 
also  obtained.  The  elemental  surface  composition  was  calculated 
using  the  transmission  values  with  relative  sensitivity  factors  spe¬ 
cific  for  the  instrument  equipped  with  an  Al  source.  The  deposited 
carbon  on  the  anode  cross-sections  was  measured  by  a  Raman  Spec¬ 
trometer  (RM2000,  Renishaw,  New  Mills,  UK).  The  excitation  line 
was  provided  by  an  Ar+  laser  at  515  nm.  The  Raman  spectra  were 
acquired  in  the  range  of  1000-1800  cm-1. 

3.  Results  and  discussion 

3.1.  Characterization  of  anode  elemental  distribution 

Fig.  3  shows  the  exterior  appearance  of  the  button  cells  after  the 
tests.  The  anode  surface  color  represents  the  degree  of  carbon  depo¬ 
sition.  For  the  CH4  OCV  case,  the  anode  surface  color  was  relatively 
deep  and  uniform.  Comparison  between  Fig.  3(a)  and  (b)  shows  that 
the  CH4  DCFC  case  is  relatively  lighter  in  color,  especially  at  the 
center  of  the  button  cell,  which  indicates  that  the  deposited  carbon 
was  consumed  during  the  DCFC  discharge  process.  The  decrease  of 
carbon  consumption  from  the  cell  center  to  the  cell  margin  is  led 
by  the  non-uniform  current  density  distribution  due  to  the  smaller 
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Fig.  3.  Exterior  anode  appearance  of  button  cells  after  the  tests:  (a)  CH4  OCV;  (b)  CH4  DCFC. 


cathode  geometry  of  the  cell  [38].  The  center  points  were  set  as  the 
characterization  spots. 

The  elemental  analysis  results  of  the  anode  cross-sections  by 
EDS  are  listed  in  Table  2.  For  the  carbon-deposition  cases,  three 
points  in  the  anode  along  the  thickness  direction  were  selected  as 
characterization  spots:  (1)  close  to  the  anode  outer  surface,  (2)  at 
the  anode  center  and  (3)  close  to  the  electrolyte.  The  anode  cen¬ 
ter  for  Control  case  1  was  used  as  the  reference  state.  All  the  EDS 
analyses  were  performed  at  5000  times  magnification. 

The  elemental  analysis  results  for  Control  case  1  indicate  that 
there  is  still  a  little  carbon  in  the  anode  after  the  H2  reduction 
even  without  CH4  cracking.  This  is  because  rice  starch  was  used 
as  pore  former  in  the  cell  fabrication  and  some  residual  carbon  was 
not  completely  oxidized  in  the  cell  sintering  process.  The  carbon 
deposition  is  most  serious  in  the  CH4  OCV  case  and  is  essentially 
uniformly  distributed  along  the  anode  thickness  direction.  How¬ 
ever,  the  carbon  atomic  percentage  for  the  CH4  0.7V  case  is  lower 
than  that  for  the  CH4  OCV  case  and  decreases  rapidly  from  the  anode 
outer  surface  to  the  electrolyte  layer  in  the  thickness  direction.  Elec¬ 
trochemical  reactions  occurred  at  the  anode  as  the  button  cell  was 
discharging  at  a  constant  voltage  with  CH4  as  the  fuel.  The  ionic  cur¬ 
rent  density  would  be  higher  near  the  electrolyte  layer.  The  results 
indicate  that  the  polarization  potential  significantly  inhibited  the 
carbon  deposition.  Compared  with  the  CH4  OCV  case,  the  DCFC  dis¬ 
charging  process  consumed  a  large  amount  of  the  deposited  carbon. 
It  can  be  deduced  that  the  deposited  carbon  in  the  anode  was  used 
as  fuel  for  the  electrochemical  reactions.  The  carbon  atomic  per¬ 
centage  on  each  cross-section  was  significantly  decreased  but  was 
still  higher  than  that  for  Control  case  1 .  The  results  show  that  there 
was  still  some  residual  deposited  carbon  in  the  anode  even  when 
the  cell  voltage  was  reduced  to  OV,  which  indicates  that  not  all 


the  deposited  carbon  can  participate  in  the  direct  electrochemical 
reactions. 

Fig.  4  shows  the  SEM  micrographs  and  surface  element  distribu¬ 
tion  maps  of  the  anode  cross-sections  for  the  CH4  OCV  case.  The  four 
elements  C,  Ni,  O  and  Zr  completely  covered  the  cross-section.  In 
the  reduced  anode,  the  0  and  Zr  are  mainly  in  the  form  of  Zr02  with 
Ni  in  its  elemental  form.  As  can  be  seen  from  the  element  distribu¬ 
tions,  O  and  Zr  have  exactly  the  same  shape  distribution,  covering 
about  half  of  the  picture.  The  black  blank  area  is  Ni  and  C.  Ni  and 
Zr02  had  basically  the  same  proportions  in  the  cell  preparation,  but 
the  element  distribution  area  occupied  by  Ni  is  much  smaller.  Thus, 
the  results  indicate  that  the  anodic  carbon-deposition  reactions  for 
the  CH4  decomposition  occurred  mainly  on  the  Ni  surfaces.  The 
deposited  carbon  covering  the  Ni  surfaces  reduces  the  Ni  in  this 
region.  In  addition,  comparison  between  the  carbon  distribution 
map  and  the  SEM  micrographs  shows  that  the  deposited  carbon 
mostly  agglomerated  on  the  Ni  surfaces. 

Since  the  error  of  EDS  analysis  in  the  application  to  the  detec¬ 
tion  of  low  atomic  weight  elements  (C,  O,  etc.)  is  relatively  large, 
the  results  are  usually  quasi-quantitative.  However,  XPS  mea¬ 
surements  for  low  atomic  weight  elements  are  more  accurate.  In 
addition,  the  large  testing  spot  used  in  XPS  measurements  could 
well  reduce  the  accidental  errors  caused  by  test  position.  Here,  XPS 
was  used  to  further  characterize  the  anodic  carbon  deposition  with 
the  XPS  elemental  analysis  results  for  the  anode  cross-sections  as 
listed  in  Table  3. 

The  carbon  percentages  for  Control  cases  1  and  2  show  that  the 
anode  carbon  content  was  significantly  reduced  after  being  oxi¬ 
dized  for  8  h  in  the  pure  02  atmosphere  at  high  temperature,  which 
further  proves  that  the  residual  carbon  without  deposition  was 
introduced  by  the  incompletely  oxidized  pore  starch.  In  addition, 


Table  2 

EDS  elemental  analysis  results  for  anode  cross-sections. 


Cases 

Position 

Atomic  percentage  (at%) 

Weight  percentage  (wt%) 

C 

0 

Ni 

Zr 

C 

0 

Ni 

Zr 

Outside 

76.25 

12.95 

6.68 

4.12 

48.43 

10.95 

20.73 

19.89 

CH4  OCV 

Center 

79.40 

9.11 

7.92 

3.56 

50.48 

7.72 

24.62 

17.12 

Inside 

69.47 

15.80 

8.55 

6.18 

38.75 

11.74 

23.31 

26.20 

Outside 

61.78 

20.40 

8.69 

9.13 

30.77 

13.53 

21.16 

34.53 

CH4  0.7V 

Center 

48.87 

28.52 

11.91 

10.70 

21.59 

16.78 

25.72 

35.91 

Inside 

23.99 

33.67 

27.52 

14.81 

7.60 

14.20 

42.60 

35.60 

Outside 

38.77 

28.48 

19.56 

13.19 

14.23 

13.92 

35.08 

36.77 

CH4  DCFC 

Center 

33.44 

32.35 

19.96 

14.24 

11.85 

15.27 

34.57 

38.32 

Inside 

30.41 

38.05 

14.75 

16.79 

10.83 

18.06 

25.69 

45.42 

Control  case  1 

Center 

24.63 

39.83 

17.82 

17.72 

8.23 

17.72 

29.09 

44.96 
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Fig.  4.  SEM  micrographs  and  surface  element  distribution  maps  of  the  anode  cross-sections  for  the  CH4  OCV  case. 


Table  3 

XPS  elemental  analysis  results  for  the  anode  cross-sections. 


Cases 

Position 

Atomic  percentage  (at%) 

C 

O 

Ni 

Zr 

Y 

CH4  OCV 

Outside 

46.05 

32.77 

9.61 

10.05 

1.53 

Inside 

43.25 

35.88 

7.74 

11.68 

1.45 

CH4  0.7V 

Outside 

26.02 

47.89 

8.87 

15.33 

1.89 

Inside 

24.90 

50.85 

8.52 

13.80 

1.93 

ch4  dcfc 

Outside 

16.90 

47.17 

20.33 

13.38 

2.22 

Inside 

15.64 

52.24 

14.35 

15.76 

2.02 

Control  case  1 

Center 

6.38 

58.23 

15.01 

17.92 

2.46 

Control  case  2 

Center 

2.60 

60.04 

15.71 

18.75 

2.89 
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the  carbon-deposition  trends  in  Table  3  are  basically  consistent 
with  the  EDS  results. 

The  Ni  content  remained  almost  unchanged  in  the  CH4  0.7V  case 
compared  to  the  CH4  OCV  case,  while  the  Zr  content  increased.  The 
results  indicate  that  there  is  also  a  small  amount  of  deposited  car¬ 
bon  on  the  YSZ  particle  surfaces  when  the  cell  was  in  the  open 
circuit  state.  In  the  CH4  0.7V  case,  the  polarization  potential  inhib¬ 
ited  carbon  deposition  on  the  YSZ  particle  surfaces  but  had  little 
influence  on  the  deposited  carbon  on  the  Ni  particle  surfaces. 
The  results  suggest  that  the  electrochemical  reactions  took  place 
between  the  deposited  carbon  on  the  YSZ  particle  surfaces  and  the 
O2-  conducted  in  the  YSZ  when  polarized.  The  emitted  electrons 
from  the  reactions  were  conducted  to  the  external  circuit  through 
the  deposited  carbon  and  the  Ni  electronic  conductor  in  the  anode 
due  to  its  higher  electrical  conductivity.  Thus,  the  carbon  depo¬ 
sition  on  the  YSZ  particle  surfaces  was  inhibited  and  more  0,  Zr 
and  Y  atoms  were  exposed.  At  the  same  time,  the  carbon  on  the 
Ni  particle  surfaces  had  little  contact  with  the  O2-  conducted  in 
the  YSZ  and  the  electrochemical  reactions  preferentially  occurred 
between  the  O2-  and  CH4.  Therefore,  the  atomic  percentage  of  car¬ 
bon  at  any  polarization  potential  was  almost  the  same  as  that  at 
open  circuit.  These  results  further  prove  that  the  carbon  deposited 
on  the  YSZ  particle  surfaces  is  more  likely  to  take  part  in  the  direct 
electrochemical  reactions  than  that  on  the  Ni  particle  surfaces. 

Compared  with  the  CH4  OCV  case,  the  carbon  content  was 
reduced  while  the  O,  Ni,  Zr  and  Y  contents  were  increased  during 
the  DCFC  discharging  process.  This  indicates  that  all  the  deposited 
carbon  on  the  YSZ  and  Ni  particle  surfaces  participated  in  the  elec¬ 
trochemical  reactions  as  the  fuel.  The  O,  Zr  and  Y  contents  were 
basically  the  same  as  for  the  CH4  0.7V  case  while  the  Ni  content 
was  significantly  increased.  In  this  case,  the  carbon  on  the  Ni  parti¬ 
cle  surfaces  was  consumed  through  electrochemical  reactions  even 
in  the  Ar  atmosphere. 

From  above  experimental  results  and  mechanistic  analysis  of 
the  carbon  direct  electrochemical  reactions,  it  suggests  that  (1 )  the 
deposited  carbon  at  the  three-phase  boundary  and  on  the  surfaces 
of  the  YSZ  and  Ni  particles  all  participate  in  the  electrochemical 
reactions  during  the  DCFC  discharging  process;  (2)  the  deposited 
carbon  on  the  YSZ  particle  surfaces  reacted  with  the  O2-  conducted 
in  the  YSZ;  (3)  after  all  the  YSZ  particle  surface  carbon  was  con¬ 
sumed,  the  O2-  in  the  YSZ  was  electrochemically  forced  onto  the 
Ni  surfaces  to  form  O-.  Then,  the  O-  on  the  Ni  surfaces  reacted  with 
the  deposited  carbon  there. 

The  deposited  carbon  at  the  three-phase  boundary  has  the  best 
electrochemical  reaction  conditions  (O2-  conducted  in  the  YSZ  and 
e-  conducted  in  the  Ni).  In  addition,  the  good  electronic  conduc¬ 
tivity  of  the  carbon  means  that  the  carbon  deposited  on  the  YSZ 
particle  surfaces  is  also  likely  to  react  with  the  O2-  conducted  in 
the  YSZ  and  e-  conducted  in  the  deposited  carbon  and  Ni.  How¬ 
ever,  the  low  rate  of  O-  formation  restricts  the  electrochemical 
reactions  of  the  carbon  deposited  on  the  Ni  particle  surfaces  (O- 
formed  and  diffused  on  the  Ni  surface  and  e-  conducted  in  the  Ni). 
The  experimental  results  show  that  there  was  still  some  residual 
deposited  carbon  in  the  anode  when  the  cell  voltage  decreased  to 


0  V.  Thus,  the  residual  deposited  carbon  could  not  come  into  contact 
with  O-  to  participate  in  the  reactions.  Therefore,  the  electrochem¬ 
ical  reactions  of  the  deposited  carbon  are  most  difficult  on  the  Ni 
particle  surfaces,  easier  on  the  YSZ  particle  surfaces  and  easiest  at 
the  three-phase  boundary.  The  ion  current  density  increases  with 
increasing  anodic  polarization  potential,  which  promotes  the  direct 
electrochemical  reaction  of  carbon. 

3.2.  Raman  characterization  of  deposited  carbon  in  the  anode 

Raman  spectroscopy  has  been  used  extensively  to  character¬ 
ize  the  structural  features  of  carbonaceous  matters  since  Tuinstra 
et  al.  [39]  in  1970  first  correlated  the  Raman  bands  to  structural 
parameters  measured  from  XRD  for  polycrystalline  graphite.  The 
G  (graphite)  and  D  (defect)  bands  of  the  Raman  spectra  are  gener¬ 
ally  used  to  investigate  the  carbon  structure  and  to  correlate  other 
characteristics.  However,  Raman  spectra  cannot  give  quantitative 
results  for  the  structural  parameters  by  simply  considering  the  G 
and  D  bands,  mainly  due  to  the  large  ‘overlap’  between  these  two 
‘bands’.  Structural  defects  may  originate  from  many  structural  fea¬ 
tures  in  disordered  carbon  materials.  In  particular,  much  structural 
information  can  be  hidden  in  the  ‘overlap’  between  the  G  and  D 
bands  for  highly  disordered  carbonaceous  materials  but  the  G  and 
D  bands  of  highly  disordered  carbonaceous  materials  are  too  broad 
to  have  definite  meaning.  Therefore,  deconvolution  (curve  fits)  of 
the  Raman  spectra  has  been  used  in  some  studies  to  acquire  more 
detailed  information  about  the  carbon  structures  [40-42]. 

Here,  the  Raman  spectra  of  the  deposited  carbon  on  the  anode 
cross-sections  were  characterized  in  a  range  of  1000-1 800  cm-1 
and  deconvoluted  using  six  bands  according  to  the  present  exper¬ 
imental  results  and  studies  in  the  literature.  For  highly  disordered 
carbonaceous  materials,  the  G  band  at  1580-1 600  cm-1  [40]  and 
the  D  band  at  1335-1355  cm-1  [42]  are  usually  referred  to  as  the 
Graphite  and  Defect  bands.  Here,  the  G  band  from  the  deconvolu¬ 
tion  results  showed  two  peaks,  assigned  as  Gi  and  G2.  Li  et  al.  [40] 
pointed  out  a  GR  band  at  1540  cm-1,  which  represents  aromatic 
structures  with  3-5  rings  in  amorphous  carbon  materials.  The  Gl 
band  at  1700  cm-1  represents  the  carbonyl  group  C=0  [43]  with 
slight  differences  in  the  Gl  band  for  different  carbonaceous  mate¬ 
rials.  The  Gl  band  has  been  known  to  have  two  peaks  at  1680  and 
1745  cm-1  [44,45],  which  is  consistent  with  the  present  experi¬ 
ment  results.  These  were  assigned  as  GLi  and  GL2.  The  assignments 
of  the  six  bands  are  summarized  in  Table  4. 

As  indicated  in  Section  3.1,  there  was  residual  carbon  in  the 
anode  introduced  by  the  incompletely  oxidized  pore  starch.  Fig. 
5  shows  the  Raman  spectra  for  anode  cross-sections  for  the  control 
cases.  There  are  no  obvious  peaks  in  the  Raman  spectra  besides  the 
measurement  noise.  Therefore,  the  influence  of  the  residual  car¬ 
bon  from  the  cell  preparation  was  negligible  for  the  carbon  Raman 
spectra  analysis. 

The  Raman  spectra  of  the  deposited  carbon  in  the  range  of  800 
and  1 800  cm-1  were  deconvoluted  using  these  bands  with  six  pure 
Gaussian  peaks  using  the  Peakfit  software.  During  the  curve  fit¬ 
ting,  the  band  positions  were  fixed  while  the  bandwidths  were 


Table  4 

Raman  band  assignment  summary  for  the  anodic  deposited  carbon. 


Band  name 

Band  position  (cm-1 ' 

)  Band  type 

Description 

D 

1350 

sp2 

Highly  disordered  carbonaceous  materials;  C-C  bonds  between  aromatic  rings  and  aromatics  with  no  less  than  6  rings 

Gr 

1540 

sp2 

Aromatics  with  3-5  rings;  amorphous  carbon  structures 

Gi 

g2 

1583 

1600 

sp2 

sp2 

Graphite;  alkene  C=C 

Gli 

Gl2 

1680 

1741 

sp2 

sp2 

Carbonyl  group  C=0 
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Fig.  5.  Raman  spectra  for  the  anode  cross-sections  for  the  control  cases. 
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restrained  to  the  same  maximum  limits.  Fig.  6  shows  the  Raman 
spectra  deconvolution  results  for  the  anodic  deposited  carbon  for 
various  conditions. 

The  ratio  (Jd//g)  of  the  D  band  to  G  band  intensities  (peak  areas) 
in  the  Raman  spectrum  deconvolution  has  been  extensively  used 
as  an  important  parameter  to  study  crystalline  or  graphite-like  car¬ 
bon  structures.  Some  researchers  have  correlated  the  JD/JG  ratio 
with  the  average  in-plane  length  of  carbon  crystallite  structures 
[39,46-48].  A  decrease  in  the  /D//G  ratio  is  normally  expected  with 
increasing  graphitization.  Other  ratios  of  band  intensity  have  also 
been  used  often.  Here,  three  band  intensity  ratios,  Jd//g,  Jgr Ik  and 
IglII g,  were  used  to  analyze  the  Raman  spectra.  The  Raman  spectra 
deconvolution  data  for  anodic  deposited  carbon  is  listed  in  Table  5. 

The  anodic  deposited  carbon  typical  contains  disordered  car¬ 
bon,  graphite  and  the  carbonyl  group  C=0.  The  anode  chamber  was 
always  maintained  in  a  strong  reducing  atmosphere  for  the  carbon- 
deposition  cases  with  no  O  in  the  anodic  gas.  Thus,  the  existence  of 
the  carbonyl  group  C=0  indicates  that  the  direct  electrochemical 
reaction  occurred  between  the  O2-  in  the  YSZ  and  the  deposited 
carbon  in  the  anode  to  form  the  double-bonded  adsorbed  carbonyl 
group  C=0. 

The  JD /Jg  for  the  CH4  0.7V  case  is  larger  than  for  the  CH4  OCV  case 
which  indicates  that  the  disordered  carbon  content  increased  and 
the  graphite  content  decreased  at  the  given  polarization  potential. 
At  the  same  time,  JGl//g  increased  as  more  O  was  adsorbed  on  the 
deposited  carbon  and  formed  more  carbonyl  groups,  C=0.  Thus, 
the  polarization  potential  can  enhance  the  direct  electrochemical 
reactions  of  carbon. 

During  the  DCFC  discharge  process,  the  carbonyl  group  C=0  was 
continuously  consumed  to  form  CO  or  C02  when  combined  with 
another  O,  while  the  O2-  in  YSZ  took  part  in  the  direct  electro¬ 
chemical  reactions  and  formed  new  carbonyl  groups,  C=0.  When 
the  cell  voltage  decreased  to  0  V,  the  residual  anodic  deposited  car¬ 
bon  could  not  react  with  O2-  and  the  carbonyl  group,  C=0,  content 


Table  5 

Raman  spectra  deconvolution  data  of  anodic  deposited  carbon. 


Band  information 

Experiment  cases 

Band  name 

Band  position  (cm-1 ) 

CH4  OCV 

CH4  0.7V 

CH4  DCFC 

D 

1350 

27.93 

27.65 

33.26 

Gr 

1540 

6.61 

5.49 

6.00 

Gi 

1583 

23.35 

18.07 

23.53 

g2 

1600 

22.08 

26.01 

22.22 

Gli 

1680 

12.72 

14.87 

9.82 

Gl2 

1741 

7.31 

7.91 

5.16 

Id  Ik 

0.615 

0.627 

0.727 

Jgr/Jg 

0.145 

0.125 

0.131 

Igl/Ig 

0.441 

0.517 

0.328 

Raman  shift  /  cm 1 
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Fig.  6.  Raman  spectra  deconvolutions  of  anodic  deposited  carbon  for  various  con¬ 
ditions:  (a)  CH4  OCV,  (b)  CH4  0.7V  and  (c)  CH4  DCFC. 


decreased.  Therefore,  JGL/JG  for  the  CH4  DCFC  case  was  smaller  than 
without  discharging  (the  CH4  OCV  case).  In  addition,  the  increased 
Id  lie  after  discharging  indicates  that  the  graphite  in  the  deposited 
carbon  also  reacted  with  the  O2-.  Thus,  the  graphite  structure  was 
destroyed,  defects  appeared  and  the  graphite  content  decreased. 

3.3.  XPS  characterization  of  the  anode  cross-sections 

XPS  was  used  to  characterize  the  near-surface  element  states 
in  the  anode  cross-sections  after  the  tests.  The  XPS  surface  spectra 
for  O,  Ni,  Zr  and  Y  are  shown  in  Fig.  7.  Control  case  2  is  given  as 
the  control  data  for  the  XPS  spectra  for  the  anode  without  carbon 
deposition.  The  binding  energy  for  O  was  near  530.2  eV,  which  cor¬ 
responds  to  the  Ols  orbital  of  Zr02.  The  Ols  peak  of  the  carbonyl 
group  C=0  was  not  detected  in  Fig.  7(a)  because  the  carbonyl  group 
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Fig.  7.  XPS  spectra  for  (a)  0  1s,  (b)  Ni  2p3/2,  (c)  Zr  3d 3/2,  3d5/2  and  (d)  Y  3d3/2. 


Table  6 

Deconvolution  results  of  the  C  Is  XPS  spectra  for  various  conditions. 


Cases 

C  Is  deconvolution  results 

Formation 

Binding 

Half  peak 

Area 

Percentage 

energy  (eV) 

width  (eV) 

(%) 

Base  case  2 

C/Ni  (284.7  eV) 

284.98 

3.04 

794.8 

100 

CH4  OCV 

C/Ni  (284.7  eV) 

284.84 

1.48 

3675.4 

85.5 

C=0  (^286.3  eV) 

286.59 

1.48 

624.7 

14.5 

CH4  0.7V 

C/Ni  (284.7  eV) 

284.33 

1.63 

1047.1 

49.8 

C=0  (^286.3  eV) 

286.16 

1.63 

1055.0 

50.2 

CH4  DCFC 

C/Ni  (284.7  eV) 

284.60 

2.46 

1575.0 

100 

C=0  content  was  relatively  small  near  the  surface  and  the  corre¬ 
sponding  binding  energy  (530.1  eV)  was  very  close  to  that  of  Zr02. 
The  peak  for  Ni  2p3/2  was  observed  at  a  binding  energy  of  852.4  eV 
indicating  that  Ni  was  in  its  elemental  form  after  H2  reduction.  The 
comparisons  in  Fig.  7(b)  show  that  Control  case  2  had  the  largest 
Ni  2p3/2  peak  area  because  the  carbon  deposited  on  the  Ni  surface 
was  reduced  and  more  Ni  surface  was  exposed,  which  is  consistent 
with  the  SEM  and  EDS  results.  As  shown  in  Fig.  7(c),  the  XPS  spec¬ 
tra  for  Zr  3d  contained  a  doublet  at  binding  energies  of  184.6  and 
182.2  eV,  which  can  be  assigned  as  the  Zr  3d5/2  and  Zr  3d3/2  lines. 
In  addition,  the  Y  3d3/2  peak  in  Fig.  7(d)  is  near  1 57.4  eV,  which  is  in 
good  agreement  with  the  standard  peak  for  the  YSZ  (Y203  +Zr02) 
anode  material. 

The  carbon  on  the  anode  cross-section  was  the  focus  of  the  XPS 
characterization.  The  C  1  s  XPS  peak  was  deconvoluted  using  pure 
Gaussian  peaks  with  the  same  maximum  bandwidths  for  each  given 
case.  Fig.  8  shows  the  deconvolution  of  the  C  Is  XPS  spectra  for 
various  conditions. 

In  the  standard  carbon  spectra,  the  binding  energy  of  C  Is  for 
carbon  deposited  on  a  Ni  surface,  C/Ni,  is  284.7  eV  while  the  bind¬ 
ing  energy  of  C  Is  in  the  carbonyl  group  C=0  in  most  materials  is 
about  286.3  eV.  In  Control  case  2,  the  peak  for  C  Is  was  observed 
at  284.98  eV.  The  noise  ratio  in  the  spectrogram  is  relatively  large 
due  to  the  low  carbon  content.  Fig.  8(b)  shows  the  presence  of  C/Ni 
and  C=0  by  the  major  peak  at  284.84  eV  and  the  minor  peak  at 
286.59  eV.  The  results  indicate  that  the  carbon  is  deposited  mainly 
on  the  Ni  surface  with  a  small  part  of  the  deposited  carbon  reacted 
with  02~  to  form  C=0.  As  shown  in  Fig.  8(c),  after  the  carbon  depo¬ 
sition  from  CFI4  during  the  0.7  V  discharging  for  30  min,  the  XPS 
spectra  for  C  Is  showed  significant  double  peaks  (at  284.33  and 
286.1 6  eV)  corresponding  to  C/Ni  and  C=0.  The  peak  at  288.24  eV 
was  within  the  curve  fit  accuracy  and  could  be  treated  as  a  fitting 
error.  The  C=0  peak  area  increased  from  1 4.5%  for  the  CH4  OCV  case 
to  50.2%  for  the  CFI4  0.7V  case.  Therefore,  the  polarization  promotes 
the  direct  electrochemical  reactions  of  carbon  and  the  formation  of 
C=0.  The  C  1  s  XPS  spectra  for  the  CFI4  DCFC  case  before  constant 
current  discharging  should  be  the  same  as  for  the  CFI4  OCV  case. 
However,  only  the  C/Ni  peak  was  observed  with  a  binding  energy 
of  284.60  eV  after  the  discharging,  as  shown  in  Fig.  8(d).  The  direct 
electrochemical  reactions  of  carbon  are  assumed  to  have  occurred 
during  the  DCFC  discharging  with  the  carbonyl  group  C=0  contin¬ 
uously  consumed  to  form  CO  or  C02  with  another  O.  Thus,  the  C=0 
peak  was  not  detected  after  the  tests. 

The  deconvolution  results  for  the  C  Is  XPS  spectra  for  various 
conditions  are  listed  in  Table  6.  The  half  peak  width  represents 
the  intensity  of  the  carbon  excitation.  A  small  half  peak  width 
indicates  high  excitation  intensity  and  large  carbon  content.  The 
half  peak  widths  in  Table  6  show  that  the  carbon  contents  on  the 
anode  cross-sections  for  various  cases  decreased  in  order  of  CH4 
OCV  >  CH4  0.7V  >CH4  DCFC  >  Control  case  2,  which  is  consistent 
with  the  results  in  Section  3.1. 
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Fig.  9.  Pictorial  description  of  the  carbon  direct  electrochemical  oxidation  in  solid 
oxide  direct  carbon  fuel  cells:  (a)  first  oxide  ion  adsorption  and  CO  formation;  (b) 
second  oxide  ion  adsorption  and  CO2  formation. 


3.4.  Mechanism  for  the  carbon  direct  electrochemical  reactions 


From  above  experimental  results  and  mechanism  analysis,  a 
mechanism  for  the  carbon  direct  electrochemical  reactions  in  solid 
oxide  electrolyte  DCFC  anode  is  proposed  as: 


O2  production 

:  Oq  -*  02~  +  V0 

(11) 

First  O2  adsorption  :  CRS  +  O2  ->  CRS02 

(12) 

Fast  discharge  : 

CrsO2  CRS0  +  e 

(13) 

Fast  discharge  : 

CRsO-  ->  CRS0  +  e- 

(14) 

CO  desorption  : 

CRS0  CO(g) 

(15) 

Second  O2  adsorption  :  CRS0  +  O2  ->  CRS022 

(16) 

Fast  discharge  : 

Crs022  ->•  Crs02  +  e 

(17) 

Fast  discharge 

and  C02  desorption  :  CRS02~ 

CRs02(g)  +  e_ 

(18) 

Total  reaction  : 

Crs  +  O2-  CO  +  2e- 
CRS  +  202-  ->  C02  +  4e- 

(19) 

During  the  DCFC  discharging,  the  O2-  is  conducted  into  the 
anode  ionic  conductor  YSZ.  An  O2-  reacts  with  a  carbon  reactive 
site,  Crs,  of  the  deposited  carbon  in  the  anode  and  is  discharged 
in  two  single-electron  steps  to  form  a  double-bonded  adsorbed 
structure  CRS0  (carbonyl  group  C=0,  including  adsorption  with 
small  and  large  lattice  defects).  Then,  the  CRS0  is  desorbed  as  CO 
or  absorbs  a  second  O2-  to  produce  C02  in  a  subsequent  single¬ 
electron  transfer.  The  total  reactions  in  the  solid  oxide  electrolyte 
DCFC  are  given  by  Eq.  (19).  Fig.  9  illustrates  the  carbon  direct  elec¬ 
trochemical  oxidation  in  solid  oxide  direct  carbon  fuel  cells. 

4.  Conclusions 

Experiments  were  conducted  to  analyze  the  carbon  direct  elec¬ 
trochemical  reaction  mechanisms  in  a  solid  oxide  electrolyte  DCFC. 
A  mechanism  for  the  carbon  direct  electrochemical  reactions  in 
solid  oxide  electrolyte  DCFC  anode  is  proposed  Unlike  the  molten 
carbonate  DCFC,  the  direct  electrochemical  reactions  of  carbon  in 


Fig.  8.  Deconvolution  of  C  Is  XPS  spectra  for  various  conditions:  (a)  control  case  2, 
(b)  CH4  OCV,  (c)  CH4  0.7V  and  (d)  CH4  DCFC. 
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the  solid  oxide  electrolyte  DCFC  are  closely  related  to  the  positions 
of  the  deposited  carbon  with  the  following  features: 

1 .  The  direct  electrochemical  reactions  of  carbon  require  that  the 
o2-  in  the  anode  ionic  conductor  contact  with  a  carbon  reactive 
site  and  the  released  electron  conduct  to  the  external  circuit. 

2.  Carbon  deposition  in  the  anode  mainly  occurs  on  the  Ni  sur¬ 
faces  as  superficial  agglomerates.  There  is  also  some  deposited 
carbon  on  the  ionic  conductor  YSZ  surface.  During  the  DCFC 
discharge  process,  all  the  deposited  carbon  at  the  three-phase 
boundary  and  the  YSZ  and  Ni  particle  surfaces  can  participate  in 
the  electrochemical  reactions  but  the  reaction  paths  are  slightly 
different. 

3.  The  deposited  carbon  at  the  three-phase  boundary  reacts  with 
the  O2-  conducted  in  the  YSZ  and  the  released  e-  conducted 
through  the  Ni  particles  to  the  external  circuit.  Similarly,  owing 
to  the  good  electronic  conductivity  of  the  carbon,  the  deposited 
carbon  on  the  YSZ  surfaces  also  reacts  with  the  O2-  conducted  in 
the  YSZ  with  the  released  e-  conducted  through  the  deposited 
carbon  and  the  Ni  to  the  external  circuit.  Flowever,  for  carbon 
deposited  on  the  Ni  surfaces,  the  O2-  in  the  YSZ  is  electrochem- 
ically  forced  onto  the  Ni  surface  where  it  forms  O-  which  then 
reacts  with  the  carbon  deposited  on  the  Ni  surface  with  the 
released  e-  conducted  through  the  Ni  particles  to  the  external 
circuit. 

4.  The  electrochemical  reactions  of  the  deposited  carbon  are  most 
difficult  on  the  Ni  particle  surfaces,  easier  on  the  YSZ  particle 
surfaces  and  easiest  at  the  three-phase  boundary.  Not  all  of  the 
deposited  carbon  participates  in  the  direct  electrochemical  reac¬ 
tions. 

5.  The  carbon  deposited  in  the  anode  and  the  O2-  in  the  YSZ  react 
to  form  a  double-bonded  adsorbed  carbonyl  group  C=0,  adsorp¬ 
tion  structure  (including  adsorption  with  small  and  large  lattice 
defects). 

6.  The  polarization  promotes  the  direct  electrochemical  reactions 
of  carbon  and  the  C=0  formation. 
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